In this paper, we report the construction of an electrochemical sensing platform based on platinum nanoparticles supported on carbon (PtNPs/C) for the determination of the antibiotic tetracycline (TTC). Initially, the PtNPs/C was synthesized and characterized by powder X-ray diffraction spectroscopy and transmission electron microscopy. The effect of experimental parameters on the electrochemical behavior of the PtNPs/C coated glassy carbon electrode (PtNPs/C/GCE), including the amount of PtNPs and electroactive area, scan rate and pH, were evaluated. The electrooxidation of TTC on the PtNPs/C/GCE was investigated by cyclic voltammetry and differential pulse voltammetry, with the determination of TTC electrooxidation mechanism. Under optimum experimental conditions, the linear calibration range, detection limit, quantification and sensitivity of the PtNPs/C/GCE were 9.99-44.01 mol L −1 , 4.28 mol L −1 , 14.3 mol L −1 and 3.32 A L mol −1 cm −2 , respectively. Finally, the proposed electrochemical sensing platform was successfully applied to determine low TTC concentrations in urine samples, suggesting its great applicability in clinical analysis and quality control.
Introduction
Tetracyclines (TTC) are a group of antibiotics that are useful in the treatment of many bacterial infections and widely used in animal breeding industry as growth agents [1] . The excessive use of antibiotics leads to bacterial resistance [2] , and their widespread presence in soil, waste water and animal foods. The presence of the TTC in the environment can lead to suppression of microorganism activities and its presence in water treated with chlorine oxidants and chlorine dioxide can generate potentially carcinogenic chlorinated products [3] . Therefore, several methods have been developed to detect and quantify the TTC, the most common being capillary electrophoresis [4] [5] [6] , high performance liquid chromatography [7, 8] liquid chromatography [9, 10] spectroscopic techniques [11, 12] and electrochemoluminescence [13, 14] . However, many of these techniques are time consuming, require numerous analytical steps and high operational cost and are also difficult to be used in situ. Under these circumstances, electrochemical sensors show interesting characteristics, such as simplicity, fast response and they can be applied for the determination of analytes directly in the sample, without any pretreatment or chemical separation [15] . For this purpose, an electrochemical sensor based on a bare graphite-polyurethane composite electrode was evaluated for the determination of tetracycline in human urine [16] and natural water samples [17] .
Among the materials applied in the construction of electrochemical sensors, nanomaterials have attracted attention due to their electronic, optical, and catalytic properties [18] [19] [20] . Nanoparticle-modified electrodes present several advantages over the macroelectrodes in electroanalysis, such as catalysis, enhancement of mass transport, high effective surface area and control over electrode microenvironment [21] . Platinum is widely used in industry as catalyst and despite its high cost, it presents high stability and electrical conductivity, which makes it attractive for the development of sensors [22, 23] . Most electrochemical sensing platforms containing nanoparticles combined with other materials for tetracycline detection are based on gold nanoparticles [24] [25] [26] [27] .
The goal of the present study was to develop and optimize an electrochemical sensing platform using platinum nanoparticles supported on carbon for tetracycline determination. The method was validated and tested by analyzing urine samples.
Experimental

Apparatus
The electrochemical measurements were made using a potentiostat/galvanostat microAutolab Type III (Eco Chimie-Netherlands) in a thermostated electrochemical cell (T = 298 K) with three electrodes, being the platinum wire (Pt) as auxiliary electrode, saturated calomel electrode (SCE) as reference electrode and (uncoated or coated) glassy carbon electrode as working electrode (geometric area = 0.071 cm 2 ). For pH adjustments, a Metrohm 691 pH meter (Methohm Autolab-Switzerland) was used.
Reagents and solutions
All solutions were prepared using deionized water and all chemicals were of analytical grade (Sigma-Aldrich analytical reagents) and used without further purification. A solution of 0.01 mol L −1 K 3 [Fe(CN) 6 ] containing 0.5 mol L −1 KCl was used to determine effective area of the coated electrode. The universal buffer solution was prepared by the dissolution of Na 2 B 4 O 7 (5.7 mmol L −1 ), Na 2 HPO 4 (0.02 mol L −1 ), C 6 H 8 O 7 (0.01 mol L −1 ) and KCl (0.5 mol L −1 ) in 0.5 L deionized water. The phosphate buffer solution (0.1 mol L −1 ) was prepared by mixing H 3 PO 4 and NaH 2 PO 4 also solubilized in deionized water. All pH adjustments were made by adding HCl and/or NaOH, both 6.0 mol L −1 . Tetracycline standard solution (0.01 mol L −1 ) was prepared by dissolution of an appropriate amount of tetracycline hydrochloride in phosphate buffer.
Supported platinum nanoparticles preparation and characterization
The supported platinum nanoparticles (PtNPs/C) were prepared in the proportion of 20:80 (w/w) metal:carbon support, based on previously reports [28] [29] [30] . Firstly, 60 mL ethylene glycol and 400 mg of finely powdered carbon (Vulcan XC-72 ® ) were mixed in a beaker, which was treated in an ultrasonic bath for 2 h in an inert nitrogen atmosphere, to disperse the support in the solvent. Next, a weighed quantity of H 2 PtCl 6 ·6H 2 O was dissolved in the deaerated solvent and kept at 140 • C refluxing for 4 h. The final product, a black powder, was washed five times with acetone and then five times with deionized water. The powder was then dried in an oven at 80 • C for 24 h. The PtNPs/C synthesized was characterized by powder X-ray diffraction spectroscopy (pXRD), with a Rigaku RINT 2000 (Rigaku-Japan) diffractometer equipped with a Cu-K␣ 1 radiation source. The spectra were recorded as a mean of 3 scans, at a rate of 1 • min −1 , from 2Â = 20 • -80 • . The morphology, distribution and size of the material were observed with a JEOL transmission electron microscope (TEM) model JEM-1200 EX II (XRD: 3.927 exp.; 3.923 PCPDFWin.; mean particle diameter (nm): 7.4 by XRD; 7.6 by TEM).
Preparation of electrochemical sensing platform
The bare glassy carbon electrode was polished with alumina (<50 nm) and diamond power suspension. After polishing, the electrode was immersed in ethanol absolute and abundantly washed with deionized water. Finally, the polished electrode was submitted to potential cycles at scan rate 25 mV s −1 in a potential range from −1.0 to +1.0 V vs. SCE in 0.1 mol L −1 H 2 SO 4 solution until to obtain a stable voltammetric profile [31, 32] . The electrode surface was coated with multiple additions of 10 L of 0.1% w/v PtNPs/C in DMF. The additions were realized following an interval of approximately 3 h after complete evaporation of the solvent. After each coating, the effective electroactive area was determined by chronoamperometry.
Electrochemical performance of the PtNPs/C/GCE
The electrochemical behavior of the PtNPs/C/GCE was investigated by cyclic voltammetry and chronoamperometry in 0. 6 ]. The voltammetric determination of TTC at the PtNPs/C/GCE was investigated in 0.1 mol L −1 phosphate buffer solution (pH 3.0) using the cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
Application of electrochemical sensing platform in urine samples
The electroanalytical application of the PtNPs/C/GCE was performed using human urine samples without treatment [33] . The human urine consists primarily of water, urea, creatinine, uric acid, and trace amounts of enzymes, carbohydrates, hormones, fatty acids, pigments, mucins, and inorganic ions such as sodium, potassium, chloride, magnesium, calcium, ammonium, sulfates and phosphates.
The urine samples were purposely contaminated with 4.00 × 10 −3 mol L −1 TTC and adjusted to pH 3.0. The analysis were conducted using cyclic voltammetry between +0.6 to +1.2 V (vs. SCE) at 25 mV s −1 in 0.1 mol L −1 phosphate buffer solution (pH 3.0). After recording a CV scan in the absence of TTC, one aliquot of the urine sample was added to the electrochemical cell, obtaining a final concentration equivalent to 19.9 × 10 −6 mol L −1 TTC. Successive additions of a TTC standards solution were realized.
Results and discussion
Nanoparticle characterization
The diffraction peaks (Fig. 1) were compared with literature data (PCPDFWin Version 2.4, JCODS-ICDD) and the crystallographic entry for Pt (PDF #04-0802) led to the identification of the metallic structure as belonging to the FCC cubic system with Fm3m (225) space group. The sample showed an intense peak at about 2Â = 40 • , representing the diffraction from plane (1 0 0). The peak of low intensity (2Â = 25 • ) corresponds to carbon support, which is typically seen in materials supported on carbon [28] . An estimate of the mean size of the metal particles dispersed in the larger particles of carbon was obtained by means of the Scherrer formula. The mean particle diameter was around 7.4 ± 0.2 nm. The transmission electron microscope images (Supplementary material-SM1) show that the metal particles was highly dispersed and distributed homogeneously over the carbon support. Comparing the particle sizes estimated by TEM and XRD, it was found that the two sets of results are remarkably similar.
Performance of the electrochemical sensing platform
Firstly, cyclic voltammograms for the bare and the PtNPs/C/GCE were obtained in a solution of 0.5 mol L −1 KCl containing 0.01 mol L −1 K 3 [Fe(CN) 6 ], applying potentials between −0.2 to 0.6 V vs. SCE at scan rate of 25 mV s −1 . As presented in Fig. 2 , the modification of the electrode surface by PtNPs/C lead to an increase in both anodic and cathodic peak current, assigned to the activity of the nanoparticles.
Thus, the effect of the amount of material (1-6 mg of PtNPs/C) deposited on the GCE surface was determined by comparing the effective electroactive area using chronoamperometry at different applied potentials in K 3 [Fe(CN) 6 ] solution, the results obtained being shown in Fig. 3 .
Cottrell's equation [34] was used to analyze the data obtained by chronoamperometry:
where A is the effective electroactive area of the electrode (cm 2 ), I is the current value (A), n is the number of electrons (assuming ≈1), F is the Faraday constant (96,485 C/mol e − ), C o initial concentration of the reducible hexacyanoferrate(III) (mol cm −3 ), D o diffusion coefficient of the hexacyanoferrate(III) (7.70 × 10 −6 cm 2 s −1 ) [35, 36] and t is the time (s). The slope values obtained via the chronoamperograms (current vs. 1/ √ t) are exposed in Table 1 , as well as the effective electroactive areas, calculated from of Eq. (1) for the uncoated and coated electrode.
There is a continuous increase in the effective electroactive area up to 5 mg PtNPs/C (50 L suspension), by a factor of ten, from 0.0357 cm 2 for the bare GCE to 0.3936 cm 2 for the PtNPs/C/GCE followed by a decrease for the GCE coated with 6 mg PtNPs/C (60 L suspension), probably due to a loss of contact between particles in a thicker layer [37, 38] . Thus, the subsequent experiments were performed using the coverage with 50 L of 0.1% w/v PtNPs/C. The effect of the scans rates on the voltammetric response for the PtNPs/C/GCE was investigated in the same solution of 0.5 mol L −1 KCl containing 0.01 mol L −1 K 3 [Fe(CN) 6 ], between −0.2 to +0.6 V vs. SCE. The recorded cyclic voltammograms (Supplementary material-SM2) exhibit a linear increase of the anodic peak current with square root of scan rate, which confirms that the electronic transfer process follows a diffusion-controlled mechanism [39] , with no species being adsorbed on the PtNPs/C surface.
The selection of an appropriate substrate is an important initial step for many studies of electrochemically active materials. The material should exhibit favorable redox behavior for the analyte and reproducible electron transfer. As also determine the inertia potential window for material may be most suitable for application under different experimental conditions. The potential window of the PtNPS/C/GCE was evaluated in different pH solutions, from 1.0 to 10.0 (Supplementary material-SM3 ). The PtNPs/C/GC electrode demonstrated good electrochemical inertness in the pH range from 4.0 to 7.0 for an inertia potential window of 1.4 V (−0.6 V to +0.8 V vs. SCE). The narrowest window was found in basic (pH > 7) and acidic (pH < 4) medium in which the electrode is limited in both anodic and cathodic ranges. The limitations can be related to the presence of functional groups in the carbon that can be oxidized or reduced.
The stability of PtNPs/C/GCE was investigated by recording successive CV between −0.4 V to +0.8 V vs. SCE at 25 mV s −1 in 0.1 mol L −1 phosphate buffer solution (pH 3.0). The stable voltammetric profile with a slight increase with 5% of the capacitive current after 100 cycles indicated good PtNPs/C/GCE operational stability. 
Electrooxidation of tetracycline at the PtNPs/C/GCE
In the present paper, the electrooxidation of TTC was investigated in 0.1 mol L −1 phosphate buffer (pH 3.0) by two different electrochemical techniques: cyclic voltammetry and differential pulse voltammetry. Cyclic voltammograms were obtained in the absence and presence of TTC, as shown in Fig. 4 . The anodic peak current of the PtNPs/C/GC electrode increased significantly with the addition of TTC in buffer; in addition two other anodic processes near at 0.95 V and 1.15 V vs. SCE were observed. The presence of PtNP/C lead to a decrease in the overpotential of the first anodic peak with approximately 0.2 V, compared to the bare GCE [40, 41] , this decrease in the overpotential of TTC oxidation being greater compared with other electrochemical sensing platforms [24, [40] [41] [42] [43] . There was also a significant increase in peak currents at the PtNPs/C/GCe compared to the bare GCE, mostly due to an increase in the electroactive area. The oxidation peaks were clearly defined up to 1.25 × 10 −4 mol L −1 of TTC, for higher concentration being broader and difficult to be analyzed.
Furthermore, the electrochemical oxidation of TTC on PtNPs/C/GCE was studied by differential pulse voltammetry, with the aim to obtain a better definition of the oxidation peaks and to lower the detection limit of the sensor. Contrary to expectations, CV technique enabled detection of lower concentrations of TTC than DPV (see Fig. 5 ), the latter one detecting TTC for concentrations higher than 3.00 × 10 −4 mol L −1 , 100 times higher than those enabled by CV. For this reason, CV was the electrochemical technique chosen to determine TTC in the following experiments.
The pH influence in the TTC electrooxidation on PtNPs/C was evaluated by cyclic voltammetry in 0.1 mol L −1 phosphate buffer solution, pH 1.0-7.0, containing 6.02 × 10 −5 mol L −1 TTC. Analyzing the relation of anodic potential versus pH (Fig. 6 ) it was possible to observe a regular shift in the peak potential with buffer pH, indicating the involvement of protons during TTC oxidation reaction. The first peak exhibited only one linear region (Eq. (2)), while the second peak, which is attributed to the oxidation of the product of first oxidation, showed two linear regions, one in the pH range from 2.0 to 4.0 (Eq. (3)) and other from 4.0 to 7.0 (Eq. (4)). 
From Eq. (2), the Nernstian slope of 60 mV pH −1 indicated the oxidation of TTC to occur by the involvement of the same number of electrons and protons [39] . The second anodic peak of the product of first oxidation showed slopes of 29 mV pH −1 (pH 2.0-4.0) and 71 mV pH −1 (pH 4.0-7.0) that correspond to the mechanisms involved one proton and two electrons (1H + /2e − ) and same number of protons and electrons (2H + /2e − ), respectively. The electrochemical behaviour of TTC oxidation products at the PtNPs/C/GCE can be explained in two steps:
(1st) the oxidation direct of the phenolic moiety with subsequent addition of the hydroxyl group [15, [44] [45] [46] , which can occur in two different positions, ortho and para (Scheme 1).
(2nd) the specific hydrogen interactions in the reduced quinone form could explain the difference in TTC oxidation for pH values below 4.0. After the electron/proton transfer to the para-or orthophenol moieties, strong intramolecular hydrogen interactions can take place [47] due to the high acidity of the environment. The sequence of the oxidation reaction is described as two rounds of electron-transfer coupled with the output of a proton (Scheme 2).
After investigation of the electrochemical oxidation of TTC at PtNPs/C/GCE, cyclic voltammetric measurements were carried out in a potential range from 0.6 to 1.2 V vs. SCE in 0.1 mol L −1 buffer solution (pH 3.0) containing different concentrations of TTC, from 9.99 × 10 −6 mol L −1 to 7.08 × 10 −5 mol L −1 TTC, in order to obtain an analytical curve (Fig. 7a) .
The Fig. 7b shows the graph of the anodic current density dependence of the two oxidation peaks obtained by CV in function of the TTC concentration. Through this it is possible to observe two linear ranges for both oxidation peaks in accordance with the linear regression Eqs. (5) and (6) . Considering the lowest linear range, the limit of quantification (ten times the blank signal/slope), the limit of detection (three times the blank signal/slope) [48] and sensitivity were determined, as presented in Table 2 . 
Electroanalytical application in urine samples
The tetracycline generally undergoes little or no metabolic transformations [49, 50] . In this way, the enrichment of the urine with TCC standard should be near the actual analysis of the sample.
The analysis of the urine without the presence of TCC showed no electrochemical process, indicating the absence of possible interferences contained in the composition of human urine. However, when spiked urine sample was added in the electrochemical cell, two processes (at 0.92 and 1.09 V vs. SCE) were observed, attributed to TTC oxidation. With the multiple standard additions, these two electrochemical processes presented an increase of the anodic peak currents (Supplementary material-SM4 ). The TTC recovery results were obtained from the analysis of three different samples of spiked urine using the first oxidation peak, since this enabled lower limit of quantification and detection.
From these results, the PtNPs/C/GCE demonstrated to be efficient in the determination and quantification of low TTC concentrations in urine samples, with a maximum error in the recovery of 2.60% (Supplementary material). In this way, the results agreed at a confidence level of 95% according to student t-test, suggesting that the proposed method can be applied to analysis of real samples. 
Conclusion
In this work, the platinum nanoparticles supported on carbon as electrochemical sensing platform in tetracycline determination was successful. The PtNPs/C showed good combination of activity and stability for tetracycline oxidation with favorable redox behavior for the analyte and reproducible electron transfer. The mechanism for the oxidation of TC was also proposed. Contrary to expectations, CV technique enabled detection of lower concentrations than DPV.
Recently, Guo et al. [25] developed an electrochemical aptasensor for tetracycline using gold nanoparticles, methylene blue and anti-tetracycline aptamer on the glassy carbon electrode. Under optimum conditions, this aptasensor showed an analytical performance for tetracycline detection with a detection limit of 0.42 × 10 −11 mol L −1 . By comparison, our proposal is simple, lower cost, and fast analysis of the antibiotic.
